To assess the effect of targeted myocardial ␤ -adrenergic receptor (AR) stimulation on relaxation and phospholamban regulation, we studied the physiological and biochemical alterations associated with overexpression of the human ␤ 2 -AR gene in transgenic mice. These mice have an ‫ف‬ 200-fold increase in ␤ -AR density and a 2-fold increase in basal adenylyl cyclase activity relative to negative littermate controls. Mice were catheterized with a high fidelity micromanometer and hemodynamic recordings were obtained in vivo. Overexpression of the ␤ 2 -AR altered parameters of relaxation. At baseline, LV dP/dt min and the time constant of LV pressure isovolumic decay (Tau) in the transgenic mice were significantly shorter compared with controls, indicating markedly enhanced myocardial relaxation. Isoproterenol stimulation resulted in shortening of relaxation velocity in control mice but not in the transgenic mice, indicating maximal relaxation in these animals. Immunoblotting analysis revealed a selective decrease in the amount of phospholamban protein, without a significant change in the content for either sarcoplasmic reticulum Ca 2 ϩ ATPase or calsequestrin, in the transgenic hearts compared with controls. This study indicates that myocardial relaxation is both markedly enhanced and maximal in these mice and that conditions associated with chronic ␤ -AR stimulation can result in a selective reduction of phospholamban protein. ( J.
Introduction
Myocardial ␤ -adrenergic receptor (AR) 1 stimulation activates membrane-bound adenylyl cyclase to generate cAMP. Subsequent activation of cAMP-dependent protein kinases (PKA) leads to phosphorylation of critical regulatory proteins which act in concert to enhance transsarcolemmal Ca 2 ϩ influx (1), decrease sensitivity of the contractile system to Ca 2 ϩ (2), and most importantly increase Ca 2 ϩ uptake into the sarcoplasmic reticulum (SR) (3) . Myocardial relaxation is enhanced by the increase in SR Ca 2 ϩ uptake, which is mediated through the pentameric phosphoprotein phospholamban. Phosphorylation of phospholamban in response to ␤ -AR stimulation regulates SR Ca 2 ϩ ATPase activity through disinhibition of the Ca 2 ϩ pump (3) (4) (5) . The overall physiological effect after ␤ -AR stimulation is the enhancement of both the inotropic and lusitropic states of the myocardium.
Recent in vitro studies, in isolated rat ventricular cells, have suggested that ␤ 2 -AR stimulation results in a pattern of cellular responses that is distinct from ␤ 1 -AR stimulation (6) . Despite similar increases in intracellular cAMP generation with both ␤ -AR subtypes, marked differences in the kinetics and amplitude of the cytosolic Ca 2 ϩ transient have been shown with ␤ 2 -AR stimulation compared with ␤ 1 -AR (6, 7) . This suggests, in part, that the two ␤ -AR signaling pathways may differ in the mechanism of SR Ca 2 ϩ uptake and release and possibly ␤ -AR coupling to L-type Ca 2 ϩ channels (6) . A possible mechanism to account for many of the above findings is a reduced level of phospholamban phosphorylation by PKA in response to ␤ 2 -AR agonists (7) .
To determine whether these in vitro findings are important in vivo, we studied the physiological and biochemical effects of marked overexpression of the human ␤ 2 -AR gene in transgenic mice (8) . These mice have an ‫ف‬ 200-fold increase in ␤ -AR density and a 2-fold increase in basal adenylyl cyclase activity relative to negative littermate controls (8) . Associated with biochemical evidence for enhanced ␤ -AR stimulation, in vivo contractility is markedly elevated and is unresponsive to isoproterenol infusion suggesting a maximal activation of the ␤ -AR signaling cascade in these genetically engineered animals (8) . Therefore, these transgenic mice provide a unique and powerful model to study the effect of cardiac-specific overexpression of the ␤ 2 -AR on in vivo myocardial relaxation and phospholamban regulation.
Methods
The animals in this study were handled according to the animal welfare regulations of the University of California, San Diego, and the protocol was approved by the Animal Subjects Committee of this institution.
Microsurgical techniques. The generation and characteristics of transgenic mice which overexpress the human ␤ 2 -AR have been previously described in detail elsewhere (8) . Briefly, the transgene construct was created using the murine alpha myosin heavy chain promoter ligated to the cDNA coding for the human ␤ 2 -AR terminated with a portion of the SV-40 intron (8) . Three founder lines were identified and propagated (TG4, TG33, TG35) all of which have significantly elevated ␤ -AR density; however, only mice from line TG4 were used in this study. Adult TG4 mice contain a 195-fold increase in ␤ -AR density and display approximately a 2-fold increase in basal adenylyl cyclase activity relative to negative littermate controls. Mice were anesthetized by intraperitoneal injection of a mixture of ketamine (90-110 mg/kg) and xylazine (4-6 mg/kg). Using microsurgical procedures as described previously (8) (9) (10) , under a dissecting microscope animals were placed in a supine position and a midline cervical incision made to expose the trachea and carotid arteries. Endotracheal intubation was performed using a blunt 20-gauge needle which then was connected to a volume-cycled rodent ventilator with a tidal volume of 0.2 ml and respiratory rate of 105/min. A midline incision was made and either carotid artery was cannulated with a flame stretched PE 50 catheter. The catheter was connected to modified P50 transducers (Statham, Oxnard, CA) for measurement of carotid artery pressure. The external jugular vein was cannulated with a PE 50 catheter which was used for isoproterenol infusion (0.005-1 ng). After bilateral vagotomy, the chest was opened and a high fidelity 2F micromanometer catheter was inserted into the left atrium, advanced into the left ventricle (LV) just in front of the mitral valve, and secured into position. The micromanometer-recorded systolic pressure was then matched to that in the aorta. Continuous high fidelity LV and fluid-filled aortic pressure were recorded simultaneously at baseline and 45-60 s after each dose of isoproterenol on an 8-channel chart recorder and in digitized form at 1,000 Hz for later analysis. Experiments were then terminated with an overdose of pentobarbital. Hearts were rapidly excised, and individual chambers were separated, weighed, and then frozen in liquid N 2 for later Northern analysis.
Parameters measured were heart rate, aortic pressure, LV systolic and diastolic pressure, and the maximal and minimal first derivative of LV pressure (dP/dt max, min ). 10 sequential beats were averaged for each measurement. The time constant of isovolumic pressure decay (Tau) was calculated by fitting the decay of the LV pressure from dP/ dt min to EDP ϩ 3 mmHg with a monoexponential equation assuming a zero asymptote. The equation simplifies to P ϭ P o exp( Ϫ t/T), where P o is the pressure at time 0 (dP/dt min ) and T is Tau. The validity of the zero-asymptote model has been confirmed previously in other species (11). T was determined from the inverse slope of the linear ln P vs. t plot which was generated using ‫ف‬ 22-27 points in the control mice and 14-15 points for the TG4 mice (12, 13) . Correlation coefficient for all studies were Ͼ 0.98.
Immunoblotting. In separate experiments, 19 (10 control and 9 TG4) mouse hearts were removed, and left ventricles were dissected free and quickly frozen in liquid N 2 . Hearts used for immunoblotting were not studied physiologically or exposed to isoproterenol. Left ventricular tissue was homogenized in 300 l of 10 mM NaHCO 3 buffer at 4 Њ C, to which 600 l of 20% SDS was added and then pelleted at room temperature at 12,000 g for 5 min. The supernatant was aliquoted and frozen at Ϫ 70 Њ C for later use. Samples were thawed and diluted 5 ϫ with 10 mM NaHCO 3 and respun at 100,000 rpm in a Sorvall RC M100 (Sorvall Instruments, Newton, CT) for 5 min. The pellet containing the contractile proteins was discarded and the protein concentration on the supernatant of the SDS extract was determined by the method of Lowry (14) . Purified phospholamban (15) (range 1-6 ng) and 3 g of protein from each sample were electrophoresed in a 10% SDS-polyacrylamide gel until the tracking dye reached the bottom of the gel. Samples were transferred electrophoretically to Hybond-ECL nitrocellulose membrane in 39 mM glycine, 48 mM Tris, 20% methanol at 600 mA for 2.5 h. After blocking with 5% nonfat dried milk, filters were incubated with the phospholamban antibody (1:5,000 dilution of phospholamban monoclonal antibody 2D12 generated to phospholamban peptide 2-25 [16] ) and then with a horseradish peroxidase-coupled second antibody by use of chemiluminescent substrate (ECL; Amersham Corp., Arlington Heights, IL). Filters were developed on Kodak BioMax MR film suitable for ECL. Exposure times were chosen to obtain densitometric scans within the linear response range of the radiographic film. To reduce variability between blots, known concentrations of purified phospholamban were run on each gel and as a standard to quantify the amount of phospholamban in each sample (17) . Quantitative evaluation of autoradiograms was performed using an IS-1000 digital imaging system (Alpha Innotech Corp., San Leandro, CA). Protein extracts from each sample were run on multiple gels to confirm reproducibility of results.
Using an additional method of immunoblotting (18) , the level of SR Ca 2 ϩ ATPase, calsequestrin, and phospholamban protein was determined in five control and five TG4 hearts. For these experiments hearts were extracted and homogenized as above. 50 g of protein from each sample was electrophoresed in an 8% SDS-polyacrylamide gel by the method of Porzio and Pearson (19) . Samples were transferred to 0.2 m pore size nitrocellulose membranes by electrophoresis at 3 A for 60 min in 50 mmol/liter NaH 2 PO 4 buffer (pH 7.5). The nitrocellulose membrane was cut into horizontal strips according to the mobility regions of SR Ca 2 ϩ ATPase, phospholamban, and calsequestrin. Immunoblotting was performed using a 1:500 dilution of monoclonal antibody 2A7-A1 (generated to the cardiac isoform of the canine SR Ca 2 ϩ pump), 1:500 dilution of phospholamban monoclonal antibody 2D12 (16), and 1:100 dilution of the polyclonal rabbit antibody to canine cardiac calsequestrin (10, 18). After blocking with 2% bovine serum albumin, strips were incubated with the appropriate antibodies and then with 125 I-labeled protein A (Du Pont-New England Nuclear, Boston, MA) and exposed to radiographic film. In addition, nitrocellulose sheets were analyzed with the use of a GS-250 Molecular Imaging System (Bio-Rad Laboratories, Richmond, CA) for quantification of radioactivity associated with antibody reacting bands. For phospholamban the entire lane was selected to include all oligomeric forms of the molecule. After background subtraction, density was integrated within each box which is linearly related to the amount of protein in each band. Each sample was run on multiple gels to confirm reproducibility of results. Densitometric values were normalized to a control sample to correct for some variability in loading and efficiency of transfer.
Statistical analysis. Data are expressed as mean value Ϯ SE. To examine the effect of isoproterenol on changes in dP/dt between the control and TG4 groups during isoproterenol infusion, a two-way repeated measures ANOVA was used. Post-hoc analysis with regard to differences in mean values between the groups at a specific dose was conducted with the use of Scheffé analysis. In other data sets, statistical significance of differences in mean values of physiological parameters and densitometric data from control and transgenic (TG4) mice was assessed with a Student's t test for unpaired data. Comparisons of Tau between groups was assessed by a paired and unpaired t test with Bonferroni correction for multiple comparisons. For all analyses, P Ͻ 0.05 was considered significant.
Results
Phenotypic and hemodynamic effects of targeted ␤ 2 -AR overexpression. Targeted ␤ -AR stimulation in the TG4 mice did not result in an increase in heart weight, either absolute or normalized to body weight compared with negative littermate control animals (Table I) . As described previously basal contractility was greatly enhanced in the TG4 mice as shown by a 92% increase in dP/dt max compared with control animals (Table I) (8) . This was associated with a 33% increase in basal heart rate without a significant difference in basal LV systolic or end diastolic pressures.
Overexpression of the ␤ 2 -AR significantly altered parameters of relaxation. At baseline, LV dP/dt min in the TG4 mice was significantly more negative compared with control animals, indicating markedly enhanced myocardial relaxation ( Fig. 1 A ) . Isoproterenol stimulation resulted in shortening of relaxation velocity, in control mice as demonstrated by the 86% fall in dP/dt min at peak stimulation ( Fig. 1 A ) . In contrast, ␤ -AR stimulation had a small but nonsignificant effect on dP/ dt min in the TG4 animals under the study conditions.
Since dP/dt min may be affected by loading conditions, the preload independent measure of isovolumic relaxation, Tau (20) , was calculated for both the control and TG4 mice. During basal conditions, Tau was significantly shorter in the TG4 mice compared with the negative controls, indicating faster relaxation (Tau shortened by 43%, control 13.6 ms vs. TG4 7.8 ms). Isoproterenol stimulation resulted in shortening of the relaxation time constant, Tau, in control mice by 17%, confirming the results obtained with dP/dt min (Fig. 1 B ) . In contrast, isoproterenol stimulation had no effect on Tau in the TG4 mice, suggesting that relaxation velocity during basal conditions was already maximal (Fig. 1 B ) . Importantly, maximal relaxation velocity in the TG4 was equal to that obtained after maximal stimulation with ␤ -AR agonist in control animals ( Fig. 1) .
Molecular alterations in response to targeted ␤ 2 -AR overexpression. Associated with the above hemodynamic changes in the TG4 mice exposed to chronic cardiac-specific ␤ 2 -AR stimulation were selective molecular alterations in the level of the Ca 2 ϩ transport proteins. Phospholamban protein levels in the TG4 mice were quantified by immunoreactivity. The amount of phospholamban was determined by Western analysis after electrophoresing graded concentrations of purified phospholamban protein in each gel along with samples of cardiac extract from each group. A linear relationship between the scanned density and the amount of purified phospholamban loaded is shown in Fig. 2 , which was reproducible on multiple blots.
Analysis of samples from the transgenic mouse hearts exposed to chronic ␤ 2 -AR stimulation revealed a significant reduction in total phospholamban in the LV compared with con-trol. Fig. 3 depicts a representative Western blot showing reduced levels of phospholamban in the transgenic group. Quantification of phospholamban protein levels by densitometric scanning indicates a significant reduction of phospholamban in TG4 mice ( n ϭ 9), compared with negative littermate controls ( n ϭ 10), and represents an ‫ف‬ 44% reduction in phospholamban protein in the transgenic group (Fig. 4) .
In separate experiments, we also quantified the levels of SR Ca 2 ϩ ATPase and calsequestrin in extracts from five control and five TG4 hearts. No difference in the level of SR Ca 2 ϩ AT-Pase or calsequestrin protein was observed in the transgenic hearts compared with littermate controls (Fig. 5) questrin 0.95Ϯ0.08 vs. 0.78Ϯ0.06, P ϭ NS; arbitrary units). In contrast, phospholamban levels in the same samples were significantly reduced in the transgenic heart, confirming earlier data (1.11Ϯ0.06 vs. 0.85Ϯ0.08, P ϭ 0.025, Fig. 5 ).
Discussion
The findings of this study indicate that targeted overexpression of the human ␤ 2 -AR is associated with marked enhancement of myocardial relaxation and reduced phospholamban protein levels.
In this study we used both the peak rate of LV pressure decline (dP/dt min ) and the time constant of LV isovolumic pressure decline (Tau) to assess and quantitate myocardial relaxation in vivo in mice. Previous studies in larger species have shown that loading conditions and ␤-adrenergic tone are important determinants of relaxation velocity (13, 20) . The effect of increasing membrane ␤ 2 -AR in myocytes is to markedly enhance relaxation processes as shown by both the load dependent (dP/dt min ) and independent (Tau) measures. LV relax-ation velocity is mostly determined by the rate of Ca 2ϩ sequestration by the SR. It is interesting to note that Tau is considerably shorter in normal mice compared with larger species (range of Tau in the dog 23-40 ms) (11-13). Given the high heart rates of these small animals it follows that active processes involving myocardial relaxation would be considerably faster to allow time for adequate ventricular filling.
␤-AR stimulation mediated through activation of PKA can importantly increase the amplitude and rate of the intracellular Ca 2ϩ transient. Although decreased myofilament Ca 2ϩ sensitivity might contribute to the more rapid relaxation with ␤-AR stimulation due to the increased off-rate of Ca 2ϩ from troponin C, evidence suggests that enhancement of relaxation is mainly attributed to stimulation of the SR Ca 2ϩ pump rather than a decrease in myofilament sensitivity (3, 21) . Phosphorylation of phospholamban by PKA acts to regulate SR Ca 2ϩ ATPase activity to enhance Ca 2ϩ uptake through disinhibition of the SR Ca 2ϩ pump (3) (4) (5) 10) . It is of interest that a recent in vitro study in rat ventricular myocytes suggested that ␤ 2 -AR signaling pathways may produce changes in the cytosolic Ca 2ϩ transient via different mechanisms than ␤ 1 -AR signal transduction (7) . In support of this hypothesis was a reduced extent of phospholamban phosphorylation in response to ␤ 2 -AR stimulation compared with ␤ 1 -AR stimulation, suggesting that ␤ 2 -AR effects may rely on mechanisms other than PKA-dependent pathways (7) .
In this study there did not appear to be differences in mobility shift for phospholamban to suggest differential phosphorylation in the transgenic group compared with negative littermates. A possible explanation is that we studied the effect of chronic ␤ 2 -AR stimulation in the intact heart as opposed to the in vitro cell culture system with a shorter exposure to ␤ 2 -AR agonists. Furthermore, elevated sympathetic nervous activity associated with the brief duration of anesthesia required to excise the heart may have increased the level of phospholamban phosphorylation in the control hearts to that of the TG4's. To adequately test for differences in phospholamban phosphorylation in the intact heart in these animals, metabolic labeling experiments will be required. However, we do demonstrate that in response to chronic ␤ 2 -AR stimulation, there is a selective reduction in phospholamban protein content that may operate in part to enhance SR Ca 2ϩ uptake and relaxation processes in vivo. Although the physiological significance of this finding is not certain, a reduction in phospholamban content would not only result in enhanced myocardial relaxation but The amount of PLB in each sample was determined from a standard of purified PLB (see Fig. 2 ) and normalized for the amount of protein loaded. Control n ϭ 10, transgenic n ϭ 9. *P Ͻ 0.00001 vs. control samples.
would also limit the ability for ␤-AR stimulation to modulate SR Ca 2ϩ uptake under conditions of varying sympathetic activity. Consistent with this hypothesis is a recent study in which the phospholamban gene has been disrupted. Knockout mice lacking phospholamban have increased Ca 2ϩ uptake into the SR associated with enhanced myocardial contraction and relaxation which lack isoproterenol responsiveness as demonstrated in both the isolated working heart preparation and in vivo (22, 23) . Normal control of cardiac contractility mediated through catecholamine stimulation of ␤-AR is an important mechanism for sustaining the circulation particularly under conditions of rest and exercise.
In an animal model of heart failure, decreased levels of SR Ca 2ϩ ATPase (24) have been associated with LV dysfunction. Results obtained with human heart samples are more controversial, some investigators noting decreases in these two proteins (25, 26) and others no changes (18, 27) . In a recently developed model of right ventricle heart failure in the mouse, we observed downregulation of both phospholamban mRNA and protein levels with a small but significant decrease in the steady state levels of the SR Ca 2ϩ ATPase protein. In this regard, we have hypothesized previously that the observed downregulation of phospholamban may serve as an adaptive mechanism in the early phase of heart failure by disinhibition of the Ca 2ϩ pump (10). The results of this study are consistent with this hypothesis since catecholamine levels can be significantly elevated in the early phases of heart failure (28) . Sustained sympathetic activity may both phosphorylate and downregulate phospholamban and may act to enhance Ca 2ϩ pump activity and increase SR loading in the attempt to maintain contractile and relaxation processes. However, associated with decreased levels of phospholamban would be the loss of the normal regulatory control mechanisms for SR Ca 2ϩ uptake.
Previous studies with isoproterenol administration have led to a cardiac hypertrophic phenotype. Whether these findings are related to the activation of ␤-AR signaling pathways or to isoproterenol-induced myocardial fibrosis is not clear (29) . In vitro, the hypertrophic response from ␤-AR stimulation is likely due to stimulation of nonmyocyte cells releasing a variety of growth factors (30) and possibly induction of myocyte beating (31). Our data are consistent with this hypothesis, since we are unable to demonstrate the presence of cardiac hypertrophy (as assessed by LV weight) in the TG4 mice which have myocyte-targeted overexpression of ␤ 2 -AR and thus myocyte cell-specific ␤-adrenergic stimulation. It is likely that isoproterenol administration to the whole animal stimulates a variety of cell types in the heart, which may indirectly promote myocyte growth.
In summary, using a unique transgenic model of cardiac tissue targeted ␤ 2 -AR overexpression we assessed the physiological and biochemical events associated with in vivo myocardial relaxation. The findings of this study indicate that myocardial relaxation is both markedly enhanced and maximal in these mice and that chronic ␤-AR stimulation can lead to decreased phospholamban protein content without changes in SR Ca 2ϩ ATPase or calsequestrin. 
